Microfabrication methods have been used to construct crevice formers of rigorously controlled gap and length. These have been used to study the IR-controlled crevice corrosion of Ni200 in 0.5 M H 2 SO 4 to determine the effect of crevice gap ͑G͒ on the position of the accelerated attack (x crit ) within the crevice. The experimental results were then compared to the results of computational studies. This comparison demonstrated that over a wide range of gaps, the fundamental, controlling scaling factor is x crit 2 /G. Finite crevice lengths led to a distortion of the potential and current distributions at larger gaps in both the experimental and computational studies. Such distortions can occur at gaps as low as 2% of the crevice length. The time dependence observed for x crit is determined primarily by the evolution of the electrolyte composition rather than the increase in surface area of the active area due to dissolution.
One of the barriers to the quantitative understanding of crevice corrosion has been the difficulty in producing crevices experimentally that can be modeled computationally. Pickering and co-workers [1] [2] [3] have overcome this barrier at the millimeter scale in their studies of nickel in sulfuric acid. Their goal was to understand the relation between the crevice gap and the position of maximum attack within a crevice to the extent that a geometric scaling factor could be established linking these two parameters. One practical application of a scaling factor is to determine under what geometric conditions crevice corrosion can occur, given a set of electrochemical boundary conditions. Thus, if one knew the electrochemical behavior of a material within a crevice for a given application, the geometric conditions for which crevice corrosion should be a concern can be determined.
A scaling factor ͑sometimes called a scaling ''law''͒ describes the effect of crevice geometry on the corrosion behavior ͑concentra-tion, potential, and attack gradients͒ of an occluded region. For corrosion conditions to remain constant as crevice geometry is changed, the potential and chemical distributions must remain constant on a normalized length scale. A scaling law is a ratio of two geometric measures of a crevice that must be maintained as the scale of a crevice is altered. The two most common scaling factors cited are L/G and L 2 /G, where L is either the length of the crevice, or the distance between the crevice mouth and the site of greatest attack (x crit ), and G is the crevice gap ͑Fig. 1͒.
For crevices in which there is negligible current generated at the tip, and one or both of the crevice flanks have a constant active current density over the entire surface area, modeling work 4, 5 has shown that the scaling factor L c 2 /G applies, where L c is the crevice length and G is the crevice gap. Modeling by Gartland 6 and Watson and Postlethwaite 7 showed that the scaling factor X p 2 /G also held when the crevice wall was passive from the mouth to the distance into the crevice X p , at which point active corrosion took over. This finding was important because no longer was the entire crevice length considered, but only the region that remained passive.
In work performed by Xu and Pickering, 2 analyses showed that X p 2 /G was also the correct scaling factor for IR-controlled crevice corrosion. However, their work also suggested that if the passive current was negligible when compared to the current in the active region, the scaling factor was reduced to X p /G. Their experimental results ͑at gaps of 0.3 mm or greater͒ were consistent with this linear scaling factor.
In more recent modeling by DeJong, 8, 9 it was shown that the correct scaling factor for IR-controlled crevice corrosion was x crit 2 /G, where x crit corresponded to the distance into the crevice at which the peak current was obtained. The system of interest was nickel in 0.5 H 2 SO 4 , a system that exhibits active/passive behavior. As with the work by Xu and Pickering, only initial potential distributions were considered, and no chemistry changes were allowed within the crevice. Six electrochemical boundary conditions described mathematically were examined by DeJong as to their effect on the position of the active region on the crevice wall. All six of the boundary conditions had the same peak current of 10 mA/cm 2 . However, the basic shape, potential at which the peak current was reached, E crit , and the passive current density were varied. Using each of the six boundary conditions, one-dimensional models were analyzed for a crevice length of 0.7 cm with crevice gaps ranging from 10 to 150 m.
From the resulting potential distributions, the value of x crit was determined based on the value of E crit of the boundary condition used. Both x crit 2 /G and x crit /G were plotted. It was concluded that the scaling factor x crit 2 /G was the correct one based on the linearity exhibited on quadratic axes at gaps Ͻ100 m, which is the scale on which practical crevices exist, whereas the x crit /G plots exhibited no such linearity. DeJong suggested that the reason for loss of linearity of the x crit 2 /G plots at larger gaps was due to the interaction of the active region with the crevice tip, which altered the current produced by the crevice, thereby changing the value of x crit .
The present work explores crevice gaps on the size scale of practical crevices ͑Ͻ100 m͒ both experimentally and computationally. In this work microfabrication methods were used to produce crevice formers of rigorously controlled dimensions. These formers were then utilized in crevice corrosion experiments on Ni200 in 0.5 M H 2 SO 4 in order to study the effect of crevice gap and time on the position of the critical distance for crevice corrosion ͑known as x crit or x pass ). These results were then compared to results of computational modeling to better understand the geometric scaling factors that apply to crevice corrosion, as well as finite crevice length effects, and the effects of convection and capillarity forces on the evolution of the attack morphology.
Experimental
Substrate composition and electrochemical analysis.-The crevice substrates were Ni200 ͑Goodfellows Corp.͒ samples cut from 0.0575 in. thick sheet. The chemical composition of the material used is shown in Table I based on analyses by Wah Chang, Inc. ͑Albany, OR͒.
The Ni200 was cut into 1 ϫ 1 in. pieces for use in potentiodynamic testing. The samples were wet polished to a 1200 grit finish. An abbreviated RCA cleaning was used to remove surface residue. The cleaning procedure involved dipping in boiling acetone and boiling methanol for 5 min each, followed by spin-cleaning using consecutive rounds of ethanol, TCA, and methanol. All electrochemical testing reported here was performed in 0.5 M H 2 SO 4 at room temperature exposed to laboratory air. Before each test, the open-circuit potential ͑OCP͒ of the Ni200 was allowed to stabilize. Stabilization was defined as having occurred when the OCP varied by only Ϯ1 mV over a 5 min period. Stabilization took between 30 min and 4 h. Scans were performed over the range of Ϫ0.1 V vs. OCP to 1.0 V ͑SCE͒ at a scan rate of 2 mV/s.
Microfabrication of crevice formers.-Semiconductor device manufacturing techniques were used to create the crevice former which when assembled together make a crevice. The formers defined the crevice gap while the substrates provided a metal electrode surface for crevice corrosion experiments. All fabrication steps, with the exception of polishing, were performed at the Semiconductor Device Laboratory, a class 10,000 clean room located in the Department of Electrical and Computer Engineering at the University of Virginia. The crevice formers were built on 2 in. diam, 300 Ϯ 25 m thick silicon wafers from Virginia Semiconductor ͑Fredericks-burg, VA͒.
The wafers were initially cleaned with the abbreviated RCA cleaning procedure previously described. [10] [11] [12] [13] Wafers were then dipped into buffered oxide etch solution ͑10 parts ammonium fluoride, 1 part hydrofluoric acid by volume͒ and rinsed with flowing distilled water to remove the native oxide. Following the initial cleaning, NANO SU-8 negative photoresists ͑MicroChem, Newton, MA͒ of various viscosities were used to pattern the geometry of the crevice formers and create a range of photoresist heights. Wafers were spin-coated with the photoresist and baked on hotplates at 55°C ͑0.5-2 min͒, 90°C ͑15-50 min͒, and again at 55°C ͑0.5-2 min͒ to set the photoresist. The longer bake times were required for higher viscosity photoresists. A chrome-glass mask ͑Nanofilm, Inc., Westlake Village, CA͒ with four individual former patterns was placed on top of the wafer to define the 4 ϫ 7 mm crevice areas. The wafer was then exposed to UV radiation ( ϳ 365 nm͒ for 0.33-2 min depending on photoresist viscosity. The wafers were baked and again allowed to cool. The photoresist was developed using NANO XP-SU-8 developer, whereby the mask pattern was transferred to the wafer.
After dicing, each individual former was spin-cleaned using consecutive rounds of ethanol, trichloroethane ͑TCA͒, and methanol. The patterned photoresist height was measured using a Tencor Alpha-Step 200 contact profilometer that has a resolution of 5 nm. These procedures resulted in former surfaces that were smooth, with a root-mean-square ͑rms͒ roughness of 0.1 m as well as flat, with the gap varying less than 2% over the length of the crevice.
Preparation of Ni200 substrates.-The Ni200 samples to be used in crevice assembly experiments were further milled down to 17 ϫ 21 mm. The samples were polished to a 1200 grit finish. The abbreviated RCA cleaning was used to remove surface residue. SU-8-5 and SU-8-50 negative photoresists were used to pattern the geometry of the crevice formers and create two different photoresist heights. Each sample was spin-coated with the photoresist and baked on 55 and 90°C hotplates to set the photoresist ͑as described above͒. A chrome-glass mask ͑Nanofilm, Inc.͒ with two individual substrate patterns was placed on top of the sample to define the 4 ϫ 7 mm crevice areas. The sample was then exposed to UV radiation. The samples were baked and again allowed to cool. The photoresist was developed using XP-SU-8 developer, whereby the mask pattern was transferred to the sample. Each sample contained two substrate areas. Each sample was spin-cleaned using consecutive rounds of ethanol, TCA, and methanol. The patterned photoresist height was measured using a Tencor Alpha-Step 200 contact profilometer. Detailed descriptions of the fabrication of both the crevice formers and substrates can be found elsewhere.
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Crevice corrosion procedures.-The Ni200 substrates were affixed to a 3 ϫ 3 in. piece of Plexiglas using Dow Corning vacuum grease. The grease held the substrate in place and electrically isolated the back of the substrate. A crevice former was placed with the patterned side down onto the substrate area. Two optical microscopes, one with a top-down view and one with a side view, were used to align the crevice former over the substrate area. The goal was to match the photoresist boundaries of both the former and the substrate so that a gap of continuous height was created throughout the crevice. A smaller piece of Plexiglas was placed on top of the former and held down with nylon screws that connected the two pieces of Plexiglas.
An electrical connection to the substrate was made by connecting 0.1 mm diam platinum wire to the pattern-defined substrate contact patch using conductive adhesive. The entire assembly was vertically aligned in the corrosion-testing cell. Only the very bottom of the crevice former was allowed to touch the surface of the acid solution. With the top of the crevice open to air, capillary action drew the test solution upward into the crevice. This position was maintained throughout the experiment to prevent current from leaking out from the sides or top of the crevice. A platinum-niobium mesh and a saturated calomel electrode ͑SCE͒ were used as the counter and reference electrode, respectively. Before each test, the OCP of the crevice was allowed to stabilize.
Crevice experiments were performed in 0.5 M H 2 SO 4 solution. Formers with 7.3, 28.0, 74.3, and 86.5 m gap sizes were used. Diced wafer pieces 301.5 m thick were used in conjunction with the 86.5 m formers to create extra large gaps of ϳ400 m. The wafer pieces were placed along either side of the substrate electrode and the former was placed on top of these pieces so that the SU-8-covered feet of the former rested on top of the wafer pieces. The SU-8 patterned on the substrates also added ϳ7 m to the total crevice gap, resulting in final crevice gaps of ϳ14, 35, and 93 m. Substrates with SU-8-50 spun on them ͑ϳ79 m͒ were combined with the 74.3 m formers to create crevice gaps of ϳ153 m. Experiments were run for 1, 5, 10, and 30 min with the potential held at 0.6 V ͑SCE͒.
Modeling of crevice corrosion.-All modeling experiments were performed on a Dell 610 Workstation with dual Intel Xeon proces- 8 was used to model the crevice corrosion experiments after appropriate modifications. CREVICER is a two-spatial dimension, time-transient computational code that calculates the concentration and potential fields for occluded regions using a finite element approach. The same finite element solver routine was used throughout the experiments. New materials, reactions, and geometries were added that were relevant to the system under study. More details can be found in Ref. 8, 10 , and 14.
The finite element mesh consisted of 350 nodes down the length of the crevice ͑0.7 cm͒ with a greater concentration of nodes at the crevice mouth. At the crevice mouth, the distance between nodes was 0.02 m and increased gradually to 50 m at the crevice tip. The crevice gap was the main variable investigated. The potential and current distributions down the length of the crevice were the desired outputs. The potentiodynamic scan of Ni200 in 0.5 H 2 SO 4 described previously was mathematically fitted and coded into CREVICERv2. Crevices with gaps of 14, 35, 93, 153, and 395 m were chosen for direct comparison with results from the microfabricated crevice experiments. The potentiostatic hold potential at the crevice mouth was ϩ0.6 V ͑SCE͒. Fig. 2b , the passive current remained constant with a value of ϳ3 ϫ 10 Ϫ5 mA/cm 2 ; however, the peak current density varied depended upon the concentration of NiSO 4 . At concentrations less than 0.028 M, the curve had a reproducible double bump shape with a peak current of ϳ7 mA/cm 2 at both bumps at 0.244 and 0.088 V ͑SCE͒. However, the shape of the curve altered when the concentration of NiSO 4 reached 0.028 M. The second peak at 0.088 V began to dominate and rise in potential and peak current. At a NiSO 4 concentration of 0.295 M, the double bump shape had been replaced with a single peak at 0.244 V ͑SCE͒ with a peak current of ϳ25 mA. Wang et al. 3 also showed a loss of the double bump shape when saturated NiSO 4 was added to 0.5 M H 2 SO 4 . However, the peak potential and the peak current decreased in contrast to the current results.
Results

Electrochemical behavior.-The
Crevice corrosion experiments.-Crevice corrosion initiated immediately upon application of ϩ0.6 V ͑SCE͒ to the boldly exposed surface of the substrate. Tests reported here were terminated after different lengths of time. Dissolution times of 1 min were used when changes in solution composition were to be avoided. An example of the attack observed after 30 min of dissolution is shown in Fig. 3 and 4 for a gap of 93 m. In all photographs of the substrates, the mouth of the crevice is at the bottom ͑thus, the orientation of the micrographs is the same as the original orientation in the cell͒. Three regions of attack were observed in all cases: passive dissolution was observed from the mouth to some distance inside the crevice ͑termed x crit ), a region of accelerated attack was then observed at intermediate distances, and finally a region of variable attack ͑in-cluding both active and passive attack͒ was observed at the greatest distances from the mouth. A more detailed discussion of the variable region is discussed later. Figure 4a shows the results of a more in-depth examination of the variable region of attack. A focused ion beam ͑FIB͒ was used to cut a slot into the substrate. The slot was parallel to the mouth of the crevice and crossed from an active region into a more passive region. By tilting the sample and using secondary electron imaging in the FIB, the highly faceted structure in the active region can be seen, whereas the passive region exhibits little attack ͑Fig. 4b͒. In the tilted image, individual grains are visible along the cutout wall by their difference in grayscale contrast.
Effect of gap on x crit .- Figure 5 shows photomicrographs of Ni200 substrates after crevice corrosion with the external surface held at ϩ0.6 V ͑SCE͒ for 1 min. As expected, the larger the gap, the larger x crit , as the ohmic drop needed to cause a passive-to-active transition occurs at a greater distance. The passive-to-active transition region also becomes flatter ͑less concave͒ across the width of the crevice at the larger ͑i.e., 93 and 153 m͒ gaps. At a gap of 395 m, complete passivation of the substrate occurred.
Time dependence of attack morphology.-Several crevices with 93 m gaps were held potentiostatically for longer times in order to detect changes that occurred in the attack morphology. The results are shown in Fig. 6 . It can be seen that there is a spreading of the attack to deeper parts of the crevice with longer hold time. In addition, the spreading attack region becomes less uniform with time, with regions of little attack being surrounded by regions of accelerated attack.
The conductivity of sulfuric acid with additions of NiSO 4 is shown in Fig. 7 . At low values ͑Ͻ0.01 M͒, increasing NiSO 4 concentration led to a weak increase in solution conductivity. However, Modeling results.-The potential and current distribution results from the computational modeling are shown in Fig. 8 for time ϭ 0. As expected, the potential falls monotonically with increasing distance into the crevice, and the corresponding dissolution current density maps out the passive-to-active transition. As the gap decreases, the potential profile becomes steeper over initial distances into the crevice, and then flattens out at deeper distances. The calculated x crit values for each gap ͓determined by locating the position at which the potential falls into the active region, ͓defined as 0.244 V ͑SCE͔͒ are also shown. At a gap of 395 m, the potential decreases less than 60 mV over the length of the crevice. The entire crevice therefore remains passive, as indicated in Fig. 8b by the low dissolution current density at all positions.
A comparison of the x crit data from the crevice corrosion experiments and those predicted by the model is shown in Fig. 9 . Figure  10 plots the same data, but with the ordinate axis now in terms of x crit 2 . At small gaps ͑Ͻ100 m͒ the model data fit to the linear regression has a correlation coefficient of 0.9957 with the y intercept forced through zero.
Time dependence of attack.-In order to model time effects, attack profiles from the work of Abdulsalam and Pickering 16 were digitized and fit mathematically to a combination of linear and exponential equations as shown in Fig. 11 . Two effects were considered: those due to increased area ͑leading to increased crevice current͒ and those due to local changes in solution conductivity. During crevice corrosion, intermediate attack increased the active surface area as shown in Fig. 11 . The effect of the 50 and 150 h profiles and their corresponding increases in surface area can be seen in the potential distributions in Fig. 12a . Profiles taken after 50 and 150 h were compared along with the initial case (t ϭ 0) where the entire crevice had a gap of 300 m. The 150 h profile had a maximum gap of 1430 m (1130 m penetration ϩ 300 m original gap), whereas the 50 h profile's largest gap was 986 m (686 m penetration ϩ 300 m original gap), as shown in Fig. 11 . Because the larger gap sizes caused a decrease in resistance ͑R͒ down the length of the crevice, the criteria for stable crevice corrosion (IR Ͼ IR*) was no longer met for an applied potential of 0.6 V. Therefore, IR* had to be decreased to cause stable corrosion to occur within the crevice. IR* was decreased by holding the crevice mouth at a lower hold potential (E surf ) of 0.342 V ͑SCE͒, compared with 0.6 V ͑SCE͒ from earlier calculations. Because IR* ϭ E surf Ϫ E crit , in this case IR* became 0.098 V ͑0.342-0.244 V͒. Figure 12b is a bar chart of the resulting x crit values, determined by where the potential distributions cross E crit ͑0.244 V vs. SCE͒. It can be seen that when the current from the extra area was included ͑ON͒ for both profiles, x crit decreased from its value when the area was not taken into account ͑OFF͒. Figure 13a and 14a show the effects of adding various concentrations of NiSO 4 to the crevice between x ϭ 0.5 and 1.5 mm ͑i.e., the beginning of the region of greatest attack͒ for the 50 and 150 h crevice profiles, respectively. This region of altered conductivity simulated an increase in nickel ion concentration due to active corrosion centered on x crit . Figure 13b and 14b are bar charts of the resulting x crit values at which the potential distributions cross E crit and show that increasing the nickel ion concentration near the crevice mouth decreased the value of x crit in the case of both crevice profiles. The more concentrated the nickel ions, the smaller x crit became.
Discussion
The primary goal of this work was to demonstrate a straightforward method for creating crevices with rigorously controlled dimensions limited only by the surface roughness achievable on the substrate. In the case of the Ni200, an rms surface roughness of 0.1 m was easily obtained with standard metallographic surface preparation methods. The similar surface roughness of the crevice former allowed the crevice gap to be controlled. This achievement led to the reproducibility of crevice corrosion observed ͑note closeness of duplicate points in Fig. 9 and 10͒ and allowed a direct comparison to computational models that assume a strictly controlled geometry. It was then unambiguously demonstrated that a quadratic scaling factor applies to crevice corrosion, and the effects of time and chemistry changes on the position of maximum attack were determined.
Microfabrication.-The microfabrication methods used in the present study are standard lithographic processes in the microelectronics community. Patterning, exposure, and development of the photoresist were straightforward and reproducible. The use of microfabrication techniques has now been demonstrated to be a viable method of creating crevices ideal in geometry and on the scale of crevices found in practical cases. The methodology is not specific to the Ni200 as a substrate. It can be extended to the examination of any alloy or element, although the quality of adherence of the SU-8 to the surface of the metal will be critical. This ability to apply SU-8 at alloy surfaces opens the possibility of studying many different systems that undergo crevice corrosion using this technique. Recently, the embedding of conductivity and Cl Ϫ -sensitive electrodes within the crevice former has been demonstrated.
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The use of SU-8 to define the height of a crevice former allowed for the crevice gap to be rigorously controlled with a Ϯ2% difference in gap height down the length of the former. After each potentiostatic hold, the crevice former was removed and the underlying substrate was examined under a light microscope. Because SU-8 is transparent, removal from the substrate was not necessary. The SU-8 showed excellent adhesion to the nickel surface as evidenced by the absence of attack seen underneath the SU-8 on any of the samples ͑Fig. 3-6͒.
Scaling factor-comparison of experiment and modeling.-Scaling factors for crevice corrosion have long been sought as a means to predict susceptibility of an engineering structural detail without the need to perform experiments that require precise repro- duction of that detail. In some cases, such experiments are not possible due to a lack of knowledge. In all cases, the absence of an understanding of scaling factors severely impedes the ability of the experimental design to focus on the critical parameters, as they are unknown. Direct comparisons between experimental measurements and computational results have thus always been difficult for crevice corrosion. One of the major challenges has been the difficulty in producing rigorously defined crevices at gaps that are of technological significance. The work described has demonstrated a way to produce such samples. In the past, achievement of rigorous gap control required the scaling up of crevices to more macroscopic dimensions. [1] [2] [3] To do so appropriately, however, requires knowledge of the scaling factor, leading to a scientific dilemma.
The boundary conditions used in the modeling experiments were the parameters from other independent measurements. The parameters included electrochemical behavior, solution conductivity, hold potential, and crevice geometry. The potential distribution down the length of the crevice was the desired output from the model. From this, the beginning of the region of greatest attack, x crit , was determined by reference to the Ni200 polarization curve. The initial potential distribution was modeled, whereas the value of x crit from the microfabricated crevice experiments was taken at time ϭ 1 min ͑10 min for gap ϭ 153 m͒ in order to allow sufficient attack to produce a surface change on the experimental crevice. Figure 9 and 10 compare the results predicted by the model and those obtained experimentally. The experimental data are in excellent agreement with those predicted by the model. The effect of larger gaps ͑Ͼ100 m͒, where the scaling factor becomes nonlinear ͑due to finite crevice length effects, as discussed below͒, was also observed in the experimental results. These results demonstrate that the quadratic scaling law (x 2 /G constant͒ rather than the linear scaling law (x/G constant͒ is applicable to the Ni/H 2 SO 4 system. The applicability is most obvious at small crevice gaps ͑Ͻ100 m͒. Other work [8] [9] [10] 17 has shown that the width of the active-passive transition controls the degree of curvature of the x vs. G plots. The Ni/H 2 SO 4 system exhibits an active nose approximately 400 mV wide, which greatly limits the curvature of the x vs. G plots at larger gaps. Thus, it is not surprising that others 1-3 studying larger gaps ͑i.e., 300-1000 m͒ have concluded that a linear scaling factor applies.
Finite crevice length effects.-The scaling law investigations by DeJong 8 demonstrated that for a variety of electrochemical boundary conditions there exists a linear relationship between x crit 2 and gap size. However, at larger gaps ͑Ͼ100 m͒, linearity was lost. In this study, closer examination of the double bump case showed that the finite crevice depth was the cause of this ͑Fig. 8͒. As E crit moved deeper and deeper into the crevice with increasing gap size, the active area of the crevice flank also moved deeper into the crevice. At gaps greater than 100 m, the active area reached the tip of the crevice. For example, Fig. 8b shows that when the active region reached the tip, the current distribution lost its double bump shape, thereby affecting the value of x crit . In essence, the active corrosion began to ''feel'' the crevice tip. Therefore, not only does the crevice gap affect x crit , but the crevice length does as well.
Xu and Pickering 2 developed an analytical solution for x crit (x pass ) with the crevice length as one of its variables. Abdulsalam and Pickering 15 simplified this model for cases in which the aspect ratio of crevice length over gap (L/G) was greater than the critical value required for stable corrosion to take place. The crevice length was then replaced by the crevice width as a variable. Later, Abdulsalam and Pickering 16 simplified this model even further by assuming that if the passive current was negligible compared to the peak current, the solution for x crit became
where x crit is the distance from mouth of the crevice to the region of greatest attack ͑m͒; is the solution conductivity ͓͑⍀ m͒ Ϫ1 ͔; w is the width of the crevice ͑m͒; a is the crevice gap ͑m͒; E surf is the surface hold potential ͑V vs. SCE͒; E crit is the potential at which the critical current density is reached ͑V vs. SCE͒; and I is the measured total crevice current ͑A͒.
However, the present work shows that the crevice length can only be ignored as long as the active region does not come near the crevice tip, even when stable corrosion is provided for by (L/G) Ͼ (L/G) crit . Comparison of the experimental and modeling results obtained in this study are compared with those predicted by Eq. 1 using the crevice current predicted by CREVICERv2 in Fig. 15 . The modeling results from this study closely match those calculated using Pickering's approach. These results demonstrate that Pickering's solution compensates for the finite crevice depth through the nonmonotonic behavior of the total ͑measured͒ crevice current as a function of gap. The modeling done in this study automatically compensates for the increased crevice current without the need for an experimental measurement. However, examination of Fig. 15 indicates that Pickering's solution deviates from results from this study at gaps Ͻ10 m, because Pickering's solution is based upon the scaling law being x crit /G. Using Pickering's approach, the prediction of the critical aspect ratio (L/G) crit will be overestimated at smaller gaps, where the x crit 2 /G scaling law is more clearly apparent.
Attack morphology and its evolution.-Each sample that underwent stable crevice corrosion exhibited three distinct regions of attack: passive, active, and variable as seen in Fig. 3 . The passive region had potentials that were more noble than the active nose and underwent very light attack. The active region corresponded to areas where the potential of the active nose was reached along the wall of the crevice. In this region, a wide band of attack was seen. Deeper into the crevice, the variable region was seen. In this region both passive and active attack were seen at the same distance into the crevice.
The active region appeared as a dark band across the width of the crevice having an extremely rough surface. Pickering and Frankenthal 18 indicated that this same faceted structure was a feature of active dissolution from a film-free surface for iron and stainless steels. Pickering and others 15 also reported faceted surfaces in the regions of active corrosion attack in the nickel/0.5 M H 2 SO 4 system.
The variable region showed some interesting results. Many of the crevices showed evidence of both active and passive attack beyond the active region. Figure 4a was taken after a section between two visually different areas was cut out using an FIB. It can be seen that the area on the right did indeed undergo active corrosion, as is clear from its faceted structure. The area on the left has some light attack at the grain boundaries but the surface remained relatively flat. This result indicates that passive corrosion had taken place, although at potentials close to the active-passive transition. Figure 4b is a closer view of this area rotated 30°counterclockwise. Along the cut-out wall, the grains themselves can clearly be seen due to their different levels of contrast. Comparison of these grains with the morphology of the surface, one can see that the attack is at the facets. Time dependence.-The attack of the passive region at small gaps and the variable corrosion seen at distances beyond the primary attack band both point to a breakdown in the assumed constant chemistry conditions. One of assumptions inherent in the application of the IR* theory to the Ni/H 2 SO 4 system experiments using vertically oriented crevices 2, 3, 15, 16 has been that natural convection would be able to pull any concentrated metal ion solution out of the crevice and this keeps the crevice solution composition constant and equal to the bulk composition. This gravity-induced flushing ͑and simultaneous replenishment with unadulterated sulfuric acid͒ was relied on to allow the assumption that no chemistry changes would occur within the crevice during corrosion. However, the presence of the variable attack region in this study would indicate that significant chemical changes are occurring and linger within the crevice. Although the previously mentioned studies 2, 3, 15, 16 consider natural convection by density differences, they do not consider the influence of surface tension on solution flow. In this case, surface tension forces work to counteract natural convection.
The variable attack regions observed at longer times would indicate that as heavier solution moves down the crevice, lighter solution is taking its place via nonuniform convective currents which develop within a corroding crevice. That is, the regions of passive attack directly above the attack band would indicate that the potential has dropped below the active nose region, producing less attack. The areas of greater attack above the attack band would indicate that Ni 2ϩ is accumulating in these regions. The rationale is that at low Ni 2ϩ concentrations, the solution becomes more conductive and increases its throwing power. Therefore, the active nose increased the amount of area it occupied along the crevice wall, causing active corrosion deeper into the crevice. When the Ni 2ϩ concentration became larger than 0.028 M, the boundary condition switched, as seen in Fig. 2b , to one with a sharper but larger active nose and greater current. This change in boundary condition caused the active band to expand deeper into the crevice, but for a shorter distance due to the increase in IR drop ͑from both an increase in resistance and current͒, pushing the potential below the active nose.
To illustrate the competing effects of natural convection and capillary action, consider the results from crevices with 93 m gaps and potential hold times greater than 1 min, as shown in Fig. 6 . The attack bands parallel to the length of the crevice indicate that convection was not uniform above the active region. The reason for this may be explained by surface tension and solution density differences throughout the crevice solution. When stable crevice corrosion occurs, Ni 2ϩ ions are dissolved into the solution over the active region and their concentration in the solution increases. To determine the effects of the chemistry changes, one must perform a force balance calculation on a band of altered solution within the crevice. Assuming a rectangular-shaped crevice, consider the downward force due to gravity as opposed to the upward force of capillary action. Such a force balance results in the following relation
where ␥ is the surface tension ͑dyn/cm͒; is the density of the solution ͑g/cm 2 ͒; g is the acceleration due to gravity ͑cm/s 2 ͒; h is the height the solution rises within the tube ͑cm͒; G is the crevice gap ͑cm͒; and w is the width of the crevice ͑cm͒.
It can be seen that as gap size is decreased, the capillary force ͑left side of Eq. 2͒ is increased. At the same time, the volume of solution within the crevice is decreased; thus, the force pulling the solution down due to gravity ͑right side of Eq. 2͒ is decreased. Figure 16 displays the capillary and gravity forces acting on a volume of 0.5 M H 2 SO 4 and a volume of 0.5 M H 2 SO 4 ϩ saturated NiSO 4 ͑0.7 cm crevice width and 0.1 cm column height for each͒ for a range of crevice gaps. It can be seen that for gaps in the range of this study ͑Ͻ400 m͒, the capillary forces are orders of magnitude higher than the forces due to gravity ͑note the logarithmic scale͒. Therefore, surface tension is dominant over gravity. This leads to a stratified solution within the crevice, one that natural convection would not eliminate. Interestingly, the work of Pickering et al. 2, 3, 15 used a range of crevice gaps between 0.3 and 1.0 mm, which straddles the crossover point where gravity forces overwhelm capillary forces.
Consider the case in which two volumes of nickel-free acid solution are placed above and below a volume of acid saturated with nickel ions. The more dense volume of solution would, due to gravity, tend to move below the lower lighter volume. However, for the crevice gaps of interest to crevice corrosion, the volumes remain in place due to the dominating capillary forces. This stratification leads to an unstable system described by the Kelvin-Helmholtz instability theory. 19 If a more dense solution rests above a less dense one, the criterion for instability is met, and any disturbance ͑e.g., vibration͒ creates ''internal gravity waves'' between the solutions. At specific sites on these waves, the system becomes sufficiently unstable that the more dense solution flows down toward the mouth by convection, whereas the less dense solution moves upward everywhere else to counterbalance this flow. These sites of instability have become ''convection channels'' in the terminology used in this paper.
Examination of the samples with 93 and 153 m gaps ͑Fig. 5 and 6, respectively͒ indicate another interesting feature of the attack morphology of the variable region. At both 1 min ͑153 m gap, Fig.  5͒ and 30 min ͑93 m gap, Fig. 6͒ hold times, active attack can be seen to have taken place along the edges of the crevices. This result can be explained by surface tension differences across the width of the crevice. At mid-width along the entire crevice length, there are only two walls on which the solution can apply capillary pressure. However, there are three at the crevice edges. The extra side increases the capillary force of the solution at the edges and allows heavier solutions to remain at larger heights as opposed to the regions in the center of the crevice. Therefore, Ni 2ϩ concentrations rise at the edges during active corrosion, causing the greater attack seen due to the increase in throwing power and enlargement of the active nose of the boundary condition.
Increased Area Effect
The contribution of increased area in the active region due to dissolution on the movement of x crit has also been investigated. In earlier work, Pickering and others 2, 3, 15 stated that x crit ͑which they call x pass ) moves toward the mouth of the crevice during stable crevice corrosion in the Ni/0.5 M H 2 SO 4 system. They indicated that the movement toward the mouth was due to an increase in current because the region of active corrosion has increased in sur- face area due to metal dissolution. Because there is more area, more total current is produced ͑and was measured͒. The IR* model then predicts that a shorter path length between anode and cathode is needed for stable crevice corrosion. This result would seem to support Pickering's theory; however, the increase in gap size in the active region without the corresponding area compensation ͑defini-tion of Area OFF͒ also moved x crit toward the mouth ͑Fig. 12b͒. This result conflicts with the IR* theory which states that a larger gap decreases resistance between the anode and cathode, thereby increasing the necessary distance between them to achieve enough resistance to have IR Ͼ IR*; thereby stable corrosion takes place.
An explanation for this discrepancy is that the decreased resistance of larger gaps increased the ''throwing power'' of the system. The potential remains in the active region for a greater distance down the crevice and increase the total crevice current coming out of the crevice. The increased current ͑I͒, combined with the same resistance ͑R͒, decreases the necessary distance from the mouth needed to achieve IR Ͼ IR*, thereby decreasing x crit . In Fig. 12b , the movement of x crit toward the mouth supports this idea as active corrosion penetrates deeper into the metal. The value of x crit decreased from 1.25 to 1.15 mm ͑8% decrease͒ when the initial 300 m gap was replaced with the 50 h profile without increased current from area compensation. The value of x crit decreased by an additional 4% ͑to 1.11 mm͒ when the 50 h profile was replaced by the 150 h profile, which had even deeper penetration ͑increased gap͒ at the active site. This supports the notion that the profile of the crevice plays a role in the movement of x crit .
Effect of Local Conductivity
The effects of changes in electrolyte conductivity were also examined and compared to the effect of area changes during stable crevice corrosion on the movement of x crit . As active corrosion takes place, the crevice solution above the beginning of the area of greatest attack increases in natural Ni 2ϩ concentration, although this is moderated by diffusion, and natural convection where possible.
As shown in Fig. 7 , the solution conductivity increased slightly until Ni 2ϩ concentration reached 0.01 M, then significantly dropped as the Ni 2ϩ concentration approached saturation. Figure 13 and 14 show how changing the conductivity over the area of greatest attack (x ϭ 0.5-1.5 mm͒ affects the crevice potential distribution for both the 50 and 150 h profiles, respectively. As seen earlier, compensating for the increase in surface area moved x crit toward the mouth slightly. Figure 13b indicates that area compensation for the 50 h profile decreased x crit from 1.15 to 1.11 mm ͑3% decrease͒. Figure  14b shows also that x crit decreased from 1.11 to 1.02 mm ͑8% decrease͒ for area compensation of the 150 h profile. Keeping the area compensation ON, 0.1 M NiSO 4 was added to the solution above the active area. This decreased the conductivity in that region from 0.184 to 0.1788 ͑⍀ cm͒
Ϫ1
. The value of x crit actually increased slightly for both: 1.11-1.14 mm for the 50 h profile; 1.02-1.07 mm for the 150 h profile. The reasons for this are unclear.
When the Ni 2ϩ concentration was increased to 1.0 M ͓͑0.121 ͑⍀ cm͒ Ϫ1 ͔, x crit decreased significantly for both profiles: 1.14-0.86 mm for the 50 h profile and 1.07-0.82 mm for the 150 h profile. When the Ni 2ϩ concentration was increased to saturation ͓0.076 ͑⍀ cm͒ Ϫ1 ͔, x crit decreased even more significantly from 0.86 to 0.40 mm for the 50 h profile and from 0.82 to 0.39 mm for the 150 profile. These results show that changes in crevice solution chemistry have drastic effects on x crit . Note that the attack profiles used here ͑Fig. 11͒ are examples of extreme crevice corrosion. That is, the large penetration depths increased the available surface area and therefore, the total crevice current. However, even at extremes, the area compensation caused only a decrease in x crit of approximately 10%. Conversely, for solutions saturated with Ni 2ϩ , x crit decreased by approximately 65%. Therefore, the chemical changes caused an order of magnitude more change in x crit than the area compensation effects did. Combined with the effects of capillarity on the stagnation within crevices, the applicability of pure IR control of corrosion in this system is limited to short times. For example, ignoring transport, a concentration of 1 M Ni 2ϩ can be achieved in a 25 m crevice in less than 1 min.
Rationalization of current transients on flushing.-In one set of experiments, Pickering 16 flushed a 0.3 mm crevice with fresh 0.5 M H 2 SO 4 as it was undergoing stable crevice corrosion. Pickering stated that the current was seen to decrease when the crevice was flushed, proving that there was no accumulation of Ni 2ϩ ions. The rationale was that Ni 2ϩ ions cause the active peak to decrease according to previous polarization scans. 2, 3 Therefore, if Ni 2ϩ ions were in the crevice and they were flushed out, the measured current would go up, not down as was seen. The polarization data chosen to be the defining electrochemical boundary condition for their system had a peak current of ϳ5 mA/cm 2 . The previous polarization data 2, 3 indicated that saturation with Ni 2ϩ (NiSO 4 ) lowered the peak current to ϳ3 mA/cm 2 . If the polarization data developed in the present study for the same material/environment system are considered instead, an increase in Ni 2ϩ concentration would cause the active nose to increase as opposed to decrease. If there was nickel in solution, flushing it out would cause the total current to drop, as was observed experimentally.
Conclusions
1. Rigorously controlled crevices can be successfully fabricated by using crevice formers created with microfabrication methods. These formers were successfully applied to polished engineering alloy samples. The same patterning techniques used to create the silicon-based crevice formers were applied to Ni200 and shown to produce excellent results. The smallest crevice gap possible with this new technique is 7 m, determined by the least viscous photoresist used.
2. A quadratic scaling factor (x crit 2 /G constant͒ has been shown to apply to the Ni/H 2 SO 4 crevice system, with the result most apparent at short times and small gaps, as has been suggested from previous computational studies using more simplified electrochemical boundary conditions. Finite crevice lengths led to a distortion of the potential and current distributions at larger gaps in both the experimental and computational studies. Such distortions can occur at gaps as low as 2% of the crevice length. The analytical model used by Abdulsalam and Pickering 16 also predicted the value of x crit correctly at large gaps. However, it requires knowledge of the crevice current from experiments or modeling such as described in this paper.
3. The time dependence observed for x crit is determined primarily by the evolution of the electrolyte composition rather than the increase in surface area of the active area due to dissolution. The resulting increase in current from the increase in surface area due to active corrosion was determined to have little effect on the distance of greatest attack, x crit . However, the increase in nickel concentration over the attack area exhibited a significant effect on x crit at nickel concentrations greater than 1.0 M. Ignoring transport, such concentrations can be achieved in a 25 m crevice in less than 1 min.
4. The effect of electrolyte surface tension was shown to have an increasing affect on the attack morphology as the crevice gap was decreased. As gaps became smaller, the attack morphology became less uniform across the width of the crevice. As gap size was increased, natural convection due to density differences within the crevice solution played an increasing role in the attack morphology. Larger gaps were shown to have much straighter bands of attack, although distinct convection channels could be visually identified due to differences in the degree of attack. The channels also became more prominent the longer corrosion was allowed to continue. Therefore, it was determined that natural convection does not completely keep the crevice solution free of Ni 2 ϩ ions and that chemistry changes can occur within the crevice. As a result, the IR* theory can no longer be the only mechanism which controls corrosion in the Ni/H 2 SO 4 system, especially at small gaps.
